ABSTRACT: The role of nanotopographical extracellular matrix (ECM) cues in vascular endothelial cell (EC) organization and function is not well-understood, despite the composition of nano-to microscale fibrillar ECMs within blood vessels. Instead, the predominant modulator of EC organization and function is traditionally thought to be hemodynamic shear stress, in which uniform shear stress induces parallel-alignment of ECs with anti-inflammatory function, whereas disturbed flow induces a disorganized configuration with pro-inflammatory function. Since shear stress acts on ECs by applying a mechanical force concomitant with inducing spatial patterning of the cells, we sought to decouple the effects of shear stress using parallel-aligned nanofibrillar collagen films that induce parallel EC alignment prior to stimulation with disturbed flow resulting from spatial wall shear stress gradients. Using real time live-cell imaging, we tracked the alignment, migration trajectories, proliferation, and anti-inflammatory behavior of ECs when they were cultured on parallelaligned or randomly oriented nanofibrillar films. Intriguingly, ECs cultured on aligned nanofibrillar films remained well-aligned and migrated predominantly along the direction of aligned nanofibrils, despite exposure to shear stress orthogonal to the direction of the aligned nanofibrils. Furthermore, in stark contrast to ECs cultured on randomly oriented films, ECs on aligned nanofibrillar films exposed to disturbed flow had significantly reduced inflammation and proliferation, while maintaining intact intercellular junctions. This work reveals fundamental insights into the importance of nanoscale ECM interactions in the maintenance of endothelial function. Importantly, it provides new insight into how ECs respond to opposing cues derived from nanotopography and mechanical shear force and has strong implications in the design of polymeric conduits and bioengineered tissues.
T he extracellular matrix (ECM) in which cells reside not only serves as a structural scaffolding structure, but also provides signaling cues derived from its topographical organization, biochemical composition, and rigidity. 1 In particular, the effect of nanotopographical ECM organization on vascular endothelial cell (EC) structure and function is not well-understood, despite the presence of nano-to microscale fibrillar ECM networks within blood vessels. 2, 3 Although parallel-aligned (anisotropic) ECMs have been shown to direct cytoskeletal reorganization along the axis of patterning for numerous cell types, 4 ,5 the physiological modulator of EC orientation is traditionally thought to be hemodynamic shear stress. 6, 7 In straight segments of vessels, the ECs that line the innermost layer morphologically are parallel-aligned along the direction of laminar blood flow. Functionally, these aligned ECs are protected from atherosclerotic lesion formation due to the suppressed activity of adhesion molecules on the cell surface, and thereby have weak binding to leukocytes in the lumen of the vessel. 8−11 In contrast, at bends and branches of vessels where disturbed flow predominates, ECs adopt a disorganized cobblestone-like appearance and exhibit increased leukocyte adhesion and infiltration, making these regions more inflamed and prone to atherosclerotic lesion formation. 10 Consequently, parallel-aligned cellular patterning is an important indicator of endothelial health. 12 On the other hand, disorganized cellular organization is associated with increased risk of atherosclerosis, an inflammatory disease characterized by luminal narrowing and lesion formation within blood vessels 8, 13 that affects over 24 million people in the US. 14 Given the intrinsic coupling of shear stress with endothelial patterning, the contribution of cell patterning to endothelial function has been difficult to disentangle from mechanical shear force. To address this limitation, we developed a platform to decouple shear stress from cell patterning using parallel-aligned nanofibrillar polymer films and real-time image analysis. By patterning ECs using aligned nanofibrillar films and then applying disturbed flow resulting from varying spatial wall shear stresses, 15 we report an important contribution of nanoscale cues in regulating EC reorganization, motility, inflammatory function, and junctional organization, which has fundamental importance in understanding the development of atherosclerosis and has translational relevance in engineering vascular tissues.
We developed a platform to study EC response to complex shear stress conditions that oppose the direction of cell patterning. To induce parallel cell alignment, parallel-aligned nanofibrillar films were generated by a shear-mediated extrusion process that induces collagen fibrillogenesis along the direction of extrusion. Primary human ECs were first patterned onto nanofibrillar collagen membranes (Figure S1a, Supporting Information) having randomly oriented ( Figure S1b , Supporting Information) or aligned nanofibrils ( Figure S1c , Supporting Information). On randomly oriented nanofibrillar collagen membranes, the ECs exhibited a disorganized morphology based on F-actin stress fiber assembly ( Figure S1d , Supporting Information). In contrast, ECs cultured on aligned nanofibrillar collagen with 30−50 nm fibril diameters readily reorganized their actin cytoskeleton along the direction of the nanofibrils ( Figure S1e , Supporting Information).
To examine how patterned ECs respond to spatially varying shear stress magnitudes and orientations, a custom-built flow cell device was suspended above the cell culture dish that dispensed cell culture media radially from the flow orifice onto a monolayer of ECs cultured on top of either parallel-aligned or randomly oriented nanofibrillar collagen films. The flow device mimicked disturbed flow by producing a stagnation point flow directly below the flow orifice ( Figure 1A ) and a well-controlled spatiotemporal wall shear stress profile. 15 As validated by computational fluid dynamic modeling, the magnitude and direction of fluid velocity varied with respect to vertical (z-axis) and radial (x-and y-axes) distances from the flow orifice ( Figure 1B) . Once the velocity field was solved numerically, the shear stress experienced by the cell monolayer was calculated by multiplying the fluid viscosity with the wall shear stress at z = 0 (derivative of velocity with respect to z). Although the fluid velocity at the cell monolayer is zero, neighbor nodes were used to perform the calculation of shear stress to obtain a multidimensional velocity gradient. By defining five concentric rings (R) numbered R1 through R5, each with a ring width of 185 μm, computational modeling demonstrated that the magnitude of shear stress increased with each concentric ring before reaching the maximum of 25.1 dyn/cm 2 in R2 before progressively decreasing ( Figure 1C ). This shear stress profile corresponded to a converging shear stress gradient (increases with positive distance from flow source) from R0−R2 and a negative shear stress gradient (decreases with positive distance from the flow source) from R3−R5. Using this device, ECs cultured on randomly oriented or aligned nanofibrillar films were exposed to a spatial gradient in wall shear stress to examine its effect on EC morphology, alignment, and motility. After 24 h, the orientation of cells on randomly oriented collagen was quantified using a custom Matlab program and the cells were pseudocolored based on their orientation as being parallel (blue), orthogonal (red), or intermediate (green) relative to a radial axis (Figure 2A,B) . The distribution of cellular orientations was further arranged in a rosette histogram for each ring to show the distribution and frequency of cell alignment in polar coordinates. As shown in Figure 2C , the cellular orientations were generally distributed throughout the range of 0−90°with no preferential orientation in rings of varying magnitudes of shear stress (R1−R5). After 24 h of exposure to varying shear stress magnitudes, the distribution of cellular orientations remained in a random distribution ( Figure S2a , Supporting Information).
In contrast to ECs seeded on randomly oriented films, the ECs seeded on aligned nanofibrillar films were highly oriented along the direction of the nanofibrils prior to shear stimulation ( Figure S2b , Supporting Information) and remained oriented along the direction of the nanofibrils after 24 h of exposure to shear stress ( Figure 2D ,E). The cellular orientations were plotted in Cartesian coordinates, relative to a horizontal axis, because preferential cell alignment in the direction of the nanofibrils was masked in polar coordinates ( Figure S3 , Supporting Information). As shown by the pseudocolored cells and rosette histograms, the majority of the cells had angles of alignment of 0−15°(dark blue) indicating that the cells preferentially oriented along the axis of the nanofibrils, and this aligned orientation was maintained consistently across all five rings, even in regions in the rings where cells were exposed to shear orthogonal to the direction of cellular orientation ( Figure  2F ). These data demonstrate that ECs remained aligned along the direction of the nanofibrils, even when exposed to shear oriented orthogonal to the direction of the nanofibrils.
To further characterize the differences in cellular elongation after shear stimulation, the cell shape index (CSI) was calculated for each ring based on F-actin staining. Notably, the average CSI of ECs on aligned nanofibrillar films was significantly lower compared to ECs on randomly oriented films for all rings (that is, 0.66 ± 0.17 randomly oriented versus 0.41 ± 0.12 on aligned sample in R2, p < 0.001), indicating that the ECs on aligned nanofibrillar films were more elongated in morphology ( Figure S4a ,b, Supporting Information). This difference in CSIs for cells on randomly oriented versus aligned Together, these data demonstrate that even when shear was orthogonal to EC orientation, ECs on aligned nanofibrillar films retained their elongated cell shape along the direction of the nanofibrils. Automated live cell imaging was used to assess cell motility at regions of rings that were either parallel (congruent) or orthogonal (opposing) to the direction of the aligned nanofibrils ( Figure S5 , Supporting Information). Compared to ECs on randomly oriented nanofibrils, ECs on aligned nanofibrils moved predominately along the axis of the collagen nanofibrils, designated as the x-axis ( Figure 3A , Movies S1 and S2, Supporting Information). In parallel regions in R4, ECs on the aligned nanofibrillar films migrated at an almost 2-fold greater velocity in the x-component (v x ), compared to ECs on randomly oriented films (1.5 ± 1.1 nm/s on randomly oriented films versus 2.8 ± 1.3 nm/s on aligned nanofibrillar films, p < 0.05) ( Figure 3B ). Strikingly, even when flow-induced shear was directed orthogonally to the direction of aligned nanofibrils, ECs cultured on the aligned nanofibrillar films migrated at significantly faster v x than those on the randomly oriented films (R1, 0.6 ± 0.5 nm/s on randomly oriented films versus 1.3 ± 1.1 nm/s on aligned films; R3, 0.9 ± 0.7 nm/s on randomly oriented films versus 1.8 ± 1.5 nm/s on aligned films; p < 0.05). Conversely, v y was consistently lower on aligned nanofibrillar films compared to that on randomly oriented films in R1−R4 at both the parallel (p < 0.05, p < 0.001, p < 0.001, p < 0.01, respectively) and orthogonal regions ( Figure 3c , p < 0.05, p < 0.001, p < 0.001, p < 0.05, respectively). To rule out the possibility that aligned nanofibrillar films prevented cell migration, the total distance traveled by each cell was quantified and shown to be similar on both randomly oriented and aligned nanofibrillar films ( Figure S6 , Supporting Information). Additionally, despite the inflection of shear stress gradient at R2 ( Figure 1C ), there were no significant differences in migration velocity when cells were exposed to positive shear gradients (R1,R2), in comparison to negative shear gradients (R3−R5). Together, these data suggest that parallel-aligned cells were able to resist changes in cellular morphology and motility, even when flow-induced shear was directed orthogonally to the direction of cell patterning. Within straight segments of blood vessels, ECs align along the orientation of laminar blood flow, and these cells are functionally able to resist atherosclerotic lesion formation by inhibiting adhesion of lipogenic proteins and monocytes in the circulating blood. 16 To determine whether cell patterning derived from aligned nanofibrillar films could abrogate inflammation as an early event in the process of atherosclerosis, ECs on aligned or randomly oriented films were exposed to varying shear stress magnitudes for 24 h followed by incubation with fluorescent monocytes. Interestingly, a 5-fold reduction of monocyte adhesion to ECs was observed for all rings on the aligned nanofibrillar films, compared to randomly oriented cells, after 24 h of shear ( Figure 4A , p < 0.05). Furthermore, the reduction in monocyte adhesion was observed in regions where the shear direction was parallel as well as where it was orthogonal to the direction of aligned nanofibrils, suggesting that aligned spatially patterned ECs could resist monocyte adhesion regardless of the direction of shear ( Figure S7 , Supporting Information). Together, our data suggest that ECs on aligned nanofibrillar films could maintain anti-inflammatory function, even in the presence of varying spatial shear stress magnitudes, regardless of the direction of shear relative to cellular orientation.
During the early stages of atherosclerotic lesion formation, inflammation-related adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) are upregulated at the endothelial surface and function to recruit and bind monocytes. 17 To verify the finding that aligned patterning of ECs supported reduced monocyte adhesion, we further quantified the expression level of ICAM-1. Indeed, ICAM-1 expression by ECs on aligned nanofibrillar films was 2-fold lower than that of cells on randomly oriented films in R2-R5 ( Figure 4B , p < 0.01) but not significantly different in R1. In comparing ICAM-1 expression at regions in which shear was parallel versus orthogonal to the aligned nanofibril direction, ICAM-1 expression was consistently lower for ECs cultured on aligned nanofibrillar films, compared to monocyte adhesion on randomly oriented nanofibrillar films ( Figure S8a , Supporting Information). These data suggested that ICAM-1 expression was markedly abrogated in ECs on aligned nanofibrillar films, regardless of whether shear was parallel or orthogonal to the direction of aligned nanofibril orientation.
Vascular trauma or disease increases the rate of EC turnover (apoptosis and proliferation). However, when the repair of the damaged endothelium is inadequate, pathologic diseases including atherosclerosis and other ischemic conditions can arise. 18 In physiological regions of disturbed flow, nonorganized EC morphology is associated with the production of prothrombotic gene products and increases in EC proliferation and apoptosis, resulting in high EC turnover. 8 Therefore, we compared the effects of disturbed flow resulting from spatially varying wall shear stress on EC proliferation ( Figure 4C ). By immunofluorescently staining for Ki67, a proliferation-associated nuclear protein that is expressed during active phases of the cell cycle (G1, S, G2, and mitosis) but is absent from resting cells (G0), we showed that ECs on aligned nanofibrillar films in R2 had a 3-fold reduction in Ki67 expressing cells, compared to those on randomly oriented films (p < 0.05). Specifically, the greatest reduction in Ki67 expression was observed in the R2 and R3 regions (p < 0.05) in which shear was orthogonal to the aligned nanofibril direction (Figure S8b , Supporting Information). These data further support our finding that ECs aligned by spatially patterned films could resist the progression of atherosclerosis by abrogating inflammation as well as reducing EC turnover in the presence of disturbed flow.
Besides intracellular changes, we also examined cell−cell junction thickness and organization, because intercellular junctions are critical for endothelial barrier function. 19, 20 Immunofluorescence staining for CD31 (PECAM-1), a cell adhesion molecule that associates with intercellular junctions demonstrated significantly thicker junctions in cells cultured on aligned nanofibrillar films, in comparison to those on randomly oriented films ( Figure 5A ). The greatest differences were observed in R2−R3 with a 2-fold increase in junction thickness on aligned collagen films ( Figure 5B ) (p < 0.05 for R2; p < 0.01 for R3). Intriguingly, the EC junctions also appeared to be more intact after exposure to shear stress when cultured on aligned films as compared to randomly oriented films ( Figure  5C ). The fraction of intact EC junctions was 2−3-fold greater on aligned films compared to randomly oriented films (p < 0.001 for R1; p < 0.05 for R2; p < 0.01 for R3; p < 0.05 for R4), suggesting that spatial nanopatterning may be a modulator of not only junction thickness but also junction integrity.
Blood vessels are comprised of fibrillar ECMs at the nanoand microscale.
2 Nanopatterning of advanced functional biomaterials, therefore, enables systematic studies of cell− ECM interactions in physiologically relevant length scales. It is only once ECM features reach biomimetic length scales (<200 nm) that many common cellular behaviors such as adhesion and proliferation can be modulated with topography. 21 Unlike other patterning-based approaches such as topographically patterned microchannels that restrict cellular alignment by limiting the degrees of freedom to move, 22, 23 our nanofibrillar films have much smaller fibril diameters of 30−50 nm that do not confine cell alignment along the direction of nanopatterning, suggesting that cells orient along the nanofibrils by preference.
Although the shear-based fibrillogenesis method described in the current study is unique to collagen, other approaches for fabrication of nanofibrillar biomaterials have been demonstrated. One approach involves the use of anodized aluminum oxide nanopores to extrude individual fibronectin fibers with nanometer diameters. 24 In another approach, shear force was applied to a sheet of globular fibronectin at the air−liquid interface along an array of elastic micropillars to drive fibronectin fiber assembly, producing smooth fibronectin fibers with 14 nm diameters. 25, 26 Future studies are warranted to determine whether the findings from nanofibrillar collagen films may be applicable to other ECMs.
The role of nanofibrillar cues in modulating cell phenotype and function has been documented. 27, 28 However, the fundamental signaling mechanisms are not well understood. Recent papers suggest important roles of nanotopographical substrates in inducing activation and clustering of transmembrane integrin receptors that bind to ECM substrates. 29 Compared to cell bodies, individual integrin transmembrane receptors are similar in size to nanoscale topographical features. 8 Feetlike cellular extensions called filipodia can experience contact guidance from topographical features as small as 10 nm in height and some cellular "nanopodia" have the ability to respond to features below the 10 nm range. 30, 31 Consequently, nanopatterned materials allow for sensitive tuning of mechanotransduction pathways through integrin receptors, enabling more direct modulation of receptormediated mechanosensitive pathways. 1 Since integrin activation is also a known mediator of downstream inflammation-related pathways, 32 it is possible that subunit-specific integrin activation on aligned nanofibrillar films may precondition ECs toward an anti-inflammatory state.
To demonstrate the role of cell patterning in modulating EC function, we utilized nanofibrillar ECMs that induce parallel alignment of ECs to mimic cell morphology within straight vessel segments, which have reduced inflammation. We showed that ECs prealigned using nanofibrillar substrates remain oriented along the direction of the nanofibrils, even in the presence of orthogonal flow-induced shear stress. Furthermore, even when exposed to orthogonal flow-induced shear stress, ECs prealigned by nanofibrillar substrates exhibited antiinflammatory characteristics and reduced disruption of adhesion junctions, when compared to ECs grown on randomly oriented collagen. Others have shown that ECs prealigned by flow-induced laminar shear stress readily reorient their long axis along the direction of fluid flow when subjected to a directional change in shear stress. 33 This morphological change was also accompanied by increased activation of the pro-inflammatory marker NF-Kβ when subjected to shear stress orthogonal to the direction of the cell's long axis. 34 The difference in findings may be due to differential activation of signaling pathways, since nanotopographical cues more closely approximate the size of focal adhesion complexes (integrin spacing of approximately 45 nm) that relay ECM cues from the extracellular environment to the cytoskeleton. 35 In addition, differences in the chemical composition of the ECM substrates may play a role. Since collagen I fibers reduce global fibronectin fiber strain by mechanically stabilizing fibronectin fibrils as a result of a conformation-dependent interaction between the binding domains of these two ECM proteins, 36 it is plausible that ECM differences in force-regulated integrin binding are linked to differential mechanosensitive inflammatory molecular cues and signaling pathways. Finally, the use of ICAM-1 instead of NF-Kβ from previous papers may account for differences in results. 34 Further studies to identify the mechanism by which nanotopography modulates endothelial function under shear stress are warranted.
In the current study, spatially varying shear stress magnitudes generally showed subtle influences in endothelial function and morphology. The most prominent effect of varying shear stresses was in ICAM-1 expression, which was most pronounced in ECs located in R1 in randomly oriented films. Contributing to the elevated levels of ICAM-1 could be the presence of a stagnation point as well as a positive shear stress gradient (increasing shear stress with positive distance from the stagnation point). Others have demonstrated that positive shear gradients increase proliferation and apoptosis (programmed cell death), whereas negative gradients (decreasing shear stress with positive distance) attenuate them. 37 Although our studies did not show significant differences in proliferation and apoptosis between positive (R1−R2) and negative (R3−R5) shear stress gradients, this may be due to the presence of nanoscale signaling cues in our studies.
In summary, the salient findings from this study are that aligned nanofibrillar films: (1) maintain EC elongation and migration along the direction of nanopatterning, even in the presence of orthogonal flow-induced shear stress gradients; (2) abrogate inflammatory response and EC turnover; and (3) modulate CD31 junction thickness and organization to better Nano Letters mimic healthy junctions. This work provides new insight into the importance of nanoscale interactions in modulating EC function in the presence of shear stress and complex fluid flow. Furthermore, our findings reveal an important interplay between cellular patterning and shear stress in maintaining EC health. These results have important implications in understanding the pathobiology of atherosclerosis and can be applied toward engineering of nanopatterned polymers as bypass grafts.
Methods. EC Culture on Parallel-Aligned Nanofibrillar Collagen Films. We have previously described the fabrication of nanofibrillar-aligned collagen films using high concentration rat tail collagen-type I (10 mg/mL in 0.02 N in acetic acid, pH 3.5, Corning) that was further dialyzed to 30 mg/mL using a semipermeable cellulose dialysis tubing of pore size 4.8 nm in diameter (Thermo Fisher) and polyethylene glycol (Sigma). 38 Aligned nanofibrillar collagen strips were extruded from 22G blunt tip needles at a rate of 3.2 mL/min at a velocity of 340 mm/s directly in warm pH neutral buffer (10× phosphate buffered saline, PBS, pH 7.4) to initiate fibrillogenesis immediately as the collagen is deposited. Randomly oriented collagen strips were similarly made by extrusion at a reduced velocity of 50 mm/s and an extrusion rate of 0.02 mL/min, based on our previous publication. 38 Once fibrillogenesis was completed, several collagen strips were attached onto glass coverslips to create a continuous film. The films were allowed to dry overnight, and then the glass coverslips were attached to 6-well #1.5 glass bottom dishes (In Vitro Scientific). The nanostructure and fibril alignment of the films were visualized by scanning electron microscopy, as described previously. 38, 39 For in vitro studies, randomly oriented or aligned nanofibrillar films were sterilized with 70% ethanol and rehydrated with 1× PBS for 2 h. Primary human dermal microvascular ECs (5 × 10 5 ) (Lonza, P7−10) were seeded onto the collagen film in EGM-2MV growth media (Lonza) at 37°C and 5% CO 2 until they reached approximately 80% confluence.
Disturbed Flow System. A disturbed flow system resulting from spatial wall shear stress gradients was previously characterized 15 to recapitulate the pathologic flow profile seen at the bifurcation points of blood vessels ( Figure 1A) . A Nikon TE-2000 inverted microscope with a motorized stage and enclosed in a plexiglass chamber, maintained at 37°C, housed the cells and flow orifice. A nine-roller dampened peristaltic pump (Idex) was used to deliver cell culture media at a flow rate of 3 mL/min through 1.3 mm (inner diameter) tubing corresponding to a fluid velocity range of 0−75.3 mm/s. Media flowed downward from the flow orifice (0.7 mm inner diameter) at the conserved flow rate of 3 mL/min onto ECcultured collagen films, corresponding to a fluid velocity range between 0 and 259.8 mm/s and producing a shear stress range of 0−25.1 dyn/cm 2 on the cell monolayer ( Figure 1B,C) , which is within physiological range. 40 Cells were exposed to disturbed flow for 24 h. Phase contrast images were collected every 25 min using Fiji software for 24 h. All images were bandpass filtered in ImageJ to increase the contrast of cell boundaries. To assess shear gradients, the cell monolayer was assigned five regions of interest, defined by concentric rings (R1, R2, R3, R4, and R5), each with a radius of 185 μm. The stagnation point, directly underneath the flow orifice, corresponded to the center of R1 where the cells experience zero shear stress. The magnitude of the shear stress increased radially outward from the jetting center with the maximum shear stress peaking within R2 ( Figure 1C) . The shear stress decreased from R3 to R5. The impinging flow was modeled by axisymmetric flow using the commercial finite-element analysis (FEA) package COMSOL Multiphysics 3.5a following our previous study. 15 A flow rate of 3 mL/min was prescribed at the orifice inlet and a pressure boundary condition was used at the outlet. A "no slip" boundary condition was assumed at the wall (where z = 0 at the cell monolayer) such that the velocity of the fluid directly at the wall is zero. The wall shear stress, τ w , was calculated as a function of the velocity gradient, (∂u/∂z), which quantifies how quickly fluid velocity (u) changes along the z-direction, and the fluid viscosity (μ):
Quantification of Cellular Alignment. Cellular alignment was assessed using custom Matlab software to quantify cell orientation relative to either polar axes for randomly oriented samples (Figure 2A−C) or Cartesian axes for nanoaligned samples ( Figure 2D−F) . EC orientation was used to generate a rosette histogram showing the distribution of alignment angle for each ring. 15 For randomly oriented films, cell orientation was quantified in polar coordinates with a range from 0°( cellular alignment parallel to radial axis) to 90°(cell alignment orthogonal to radial axis). For aligned nanofibrillar films, cell orientation was quantified in Cartesian coordinates relative to the axis of the nanofibrils, with a range from 0°(cellular alignment parallel to nanofibrils) to 90°(cell alignment orthogonal to nanofibril orientation). Cells were pseudocolored according to their angular alignment: highly aligned, dark blue (0°−15°) and medium blue (16°−30°); intermediate alignment, light blue (31°−45°) and green (46°−60°); orthogonal orientation, orange (61°−75°) and red (76°−90°). All detectable cells were quantified for each ring out of n = 4 samples. Assessment of Cell Shape Index (CSI) and Proliferation. After 24 h of exposure to shear stress, the samples were fixed in 4% paraformaldehyde (Alfa Aesar), permeabilized in 0.5% Triton-X100 (Sigma), and blocked in 1% bovine serum albumin (Sigma). For staining of actin, samples were incubated with Alexa Fluor-488-conjugated phalloidin (Life Technologies). For assessment of proliferation, fixed samples were incubated with cell cycle marker Ki67 (Millipore) for 16 h at 4°C followed by Alexa Fluor-594 antibody (Life Technologies). Samples were then counterstained with Hoechst 33342 to visualize nuclei and imaged under a fluorescence microscope or Zeiss LSM700 confocal microscope. As an indicator of cell elongation, the CSI was calculated as CSI= 4π area/perimeter 2 from F-actin-stained ECs using the ImageJ area tool. A value of 1 corresponded to the shape of a rounded cell (circle), whereas a value of 0 depicts an elongated cell (line). For quantification of proliferation, the ImageJ particle analysis tool was used to identify the percent Ki67-expressing nuclei at parallel and orthogonal regions of each ring. At least 20 cells were quantified for each ring out of n = 3 samples (100 cells per sample).
Migration Trajectories. To track migration trajectories of cells on randomly oriented and aligned nanofibrillar films, timelapse microscopy was used. Phase contrast 10× images were taken every 25 min for 24 h. The movement of the cells was manually tracked using the MTrackJ plugin and used to generate vector plots that depict cell motility ( Figure 3A) . Migration distances and velocities were calculated in Excel and Nano Letters Monocyte Adhesion and ICAM-1 Expression. To assess the protective effects of aligned nanofibrillar films in resisting atherosclerosis by modulating EC orientation, 5 × 10 6 human monocytes (U937, ATCC) prelabeled with Cell Tracker Red CMPTX (Life Technologies) were allowed to adhere onto ECseeded randomly oriented or aligned films after 24 h of exposure to varying shear stress magnitudes. After 30 min in the presence of gentle agitation, unbound monocytes were removed with PBS, and adherent monocytes were quantified from 10× images taken with a fluorescent microscope. To validate monocyte adhesion results, samples were also stained with ICAM-1 (CD54, BD Bioscience), followed by Alexa Fluor-488 secondary antibody and Hoechst 33342. ICAM-1 intensity was computed from 20× confocal images and then using ImageJ's area tool to calculate the integrated density for 20 cells within each ring out of n = 3 samples (100 cells per sample). Data are expressed as the fold change in ICAM-1 intensity on aligned nanofibrillar films, relative to values obtained from the corresponding random sample.
Intercellular Junction Thickness. For assessment of cell junction organization, the expression of CD31, 41 an endothelial adhesion protein that associates with adherens junctions, was immunofluorescently stained to visualize intercellular junctions. After 24 h of exposure to shear stress, samples were fixed, permeabilized, and blocked as described above. CD31 (Dako) primary antibody was applied, followed by AlexaFluor-488 secondary antibody and counterstained with Hoechst 33342. Images (20×) were taken and converted to 8-bit grayscale for analysis. Junction thickness was calculated based on previous publications in which the ImageJ line tool was used to draw a line (1 pixel × 50 pixels) orthogonal to three prominent regions of a cell's junction perimeter ( Figure S9a , Supporting Information). 19, 42 An intensity profile of the grayscale values was obtained for each measurement. Each profile exhibited two distinct Gaussian curves, where the peaks represented the clustering of junctional proteins at the edges of each cell. The distance between the two intensity maxima was measured as the minimal gray value that exceeded all peaks due to noise ( Figure S9b , Supporting Information). Pixels measured from the intensity plot were converted to equivalent pixels on the CD31 image and then to microns. The average of three measurements was taken as the junction thickness of a given cell. The junction completeness was determined by visualizing the cell perimeter using F-actin staining and then measuring the percent of the perimeter that expressed CD31. Briefly, the total length of the cell perimeter was measured using the F-actinstained images and ImageJ's perimeter tool ( Figure S9c , Supporting Information). The total length of all the CD31+ junctions for the corresponding cell was measured with ImageJ's line tool ( Figure S9d, Supporting Information) . The completeness of the junction was calculated as the percent of the total perimeter length colocalized with CD31 expression. Only cells with cell−cell contact on all sides were counted. For junction thickness and junction completeness analysis, at least 20 cells were quantified for each ring out of n = 3 samples (100 cells per sample).
Statistical Analysis. In all assays, data are averaged from n ≥ 3 samples and data are shown as mean ± standard deviation. Proliferation, monocyte adhesion data, ICAM-1, and junction measurements are expressed as mean data per sample.
Migration trajectory, migration distances, and CSI are expressed as mean data per cell. Statistical analysis was performed by GraphPad Prism version 6.0. Statistical significance was determined using an unpaired two-tailed student's t-test in which statistical significance was accepted at p < 0.05. Where noted, * denotes p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001. 
